SUMMARY A new technique is described for the autoradiographic determination of regional brain glucose metabolism employing U C labeled glucose as substrate and measurement principles previously described for whole brain. Regional glucose values correlate closely with those reported for the "C-deoxyglucose technique. The method has the advantages of 1) a much shorter experimental period, 2) a relatively simple mathematical treatment, and 3) the utilization of the actual, fully metabolizable substance itself, glucose, as the label.
ALTERED FUNCTION of body tissues is generally accompanied by changes in the rate of energy utilization commensurate with the activity (i.e., mechanical work, secretion, transport, synthesis, etc.). While nervous tissue does not participate in actual mechanical work, nerve cell activity does require the maintenance of ion gradients, synthesis of neurotransmitters and of protein; all of which are energy consuming processes.
1 ' 2 Therefore, useful information about nervous tissue function may be obtained by studying its rates of energy utilization. The level of oxidative metabolism is the most satisfactory measure of steady state aerobic energy metabolism but it is difficult to measure oxygen utilization in small animals and impossible at this time to determine it in individual brain regions or nerve cells in vivo. An alternative is to measure glucose utilization (CMRglu) which, under most circumstances, but not all, is stoichiometrically related to oxygen consumption (6 mol 0 2 /mol glucose).
The first experiments in which CMRglu was estimated without determining blood flow or taking arteriovenous differences, appear to have been done by Gaitonde 3 who measured the incorporation of [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]glucose into the acid soluble metabolites of brain. Gaitonde recognized that conversion of glucose to CO 2 is not immediate, rather the evolution of 14 CO 2 derived from [2- u C]glucose is predictable and relatively slow. Investigators experimenting in the late 1950's and early 1960's were, in fact, disappointed to find that they could not easily measure brain CMRglu by collecting venous 14 CO 2 . The relative specific activity (dpm/mol carbon) of CO 2 was much lower than that of glucose and took more than an hour to equilibrate. In many experiments, complete equilibration did not occur. 4 ' 6 The explanation for this phenomenon became clear when Haslam breakdown of glucose are in equilibrium with relatively large metabolite pools, especially those of amino acids associated with the Krebs cycle. Thus, the isotope is diluted and trapped, as it were, by these metabolites.
Gaitonde 3 used this feature to estimate CMRglu of whole brain after a subcutaneous injection of [2- 14 C]glucose. Gaitonde's method was not entirely satisfactory because it failed to accurately define the specific activity of the precursor pool (i.e., dpm/mol glucose in brain) which changes as time passes. It was soon appreciated from studies of glucose transport 713 and the development of improved methods for preventing postmortem changes 1416 that exchange of glucose between blood and brain was very rapid.
Hawkins et al. 17 demonstrated both theoretically and empirically that the integral of blood glucose specific activity closely approximated that of brain after a few minutes, and they developed a method to measure whole brain CMRglu in rats. The method underestimated by 10-15% the rate of glucose utilization since a systematic correction for loss of 14 CO 2 was not included. Cremer and Heath 18 described whole brain CMRglu in young rats using subcutaneous injections of [2- 14 C]glucose and a sophisticated kinetic analysis while Borgstrom et al. 19 ' 20 modified the method to measure changes occurring within 2 min, thereby effectively minimizing any loss of radioactive isotope. Using the principle of carbon dilution and trapping by intermediary metabolites an ingenious application to primates was made by Raichle et al. 21 They developed equations and methodology suitable for the use of n C labeled glucose in vivo. This method, in addition to measuring CMRglu within 5 min, permits determining glucose transport, turnover and distribution.
The usefulness of regional studies employing autoradiography and 2-deoxy-D-[l- 14 C]glucose ( 14 Cdeoxyglucose), a synthetic analog which competes with glucose for transport and phosphorylation, as a qualitative indicator of regional CMRglu (rCRMglu) was demonstrated by Kennedy et al. 22 Subsequently Sokoloff et al. 23 derived equations relating 14 Cdeoxyglucose uptake to rCMRglu 45 min after an intravenous injection. The " 14 C-deoxyglucose method" developed by Sokoloff and co-workers proved early to be quite successful and has stimulated considerable new research; however, its use is not without com-REGIONAL GLUCOSE UTILIZATION/7/awfc/Tw et al.
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plications. The method involves 9 kinetic constants and a rather long period of 45 min is recommended to complete an experiment. Furthermore, it is based on the assumption that deoxyglucose-6-phosphate is not lost from brain at an appreciable rate. Since deoxyglucose-6-phosphate is a substrate of glucose-6-phosphatase, which is active in brain neurons 2426 this assumption has been questioned. 27 The use of [2- 14 C]glucose for determination of rCMRglu offers a useful alternative. In this paper we describe a method of studying rat brain rCMRglu in which the calculations are kept relatively simple, the need for determination of individual rate constants of glucose exchange between plasma and brain is obviated, and in which the period of experimental observations is shortened to 10 min.
Materials and Methods
Rats. Male albino rats of the Sprague-Dawley strain (Taconic Farms, NY) weighing between 225 and 275g, had free access to food and water except as otherwise stated.
Chemicals. Enzymes and coenzymes were from Boehringer Mannheim Corporation, NY; [2- 14 C]glucose, (3-5mCi/m mol) from New England Nuclear, Boston, MA and anion exchange resin (AG1-X8), 200-400 mesh, formate form prepacked in disposable columns (0.7 X 3 cm) from BioRad Laboratories, Richmond, CA. All other chemicals were reagent grade.
Glucose Determination. Glucose was measured with hexokinase and glucose-6-phosphate dehydrogenase.
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Measurement of Radioactivity. A Searle model 300 liquid scintillation counter with liquid scintillation cocktail (Ready-Solv EP, Beckman Instruments, Fullerton, CA) was used. The efficiency of 14 C counting was estimated by the use of duplicate samples to which were added known amounts of radioactivity. Efficiency was about 80% with 1 ml sample in 12 ml scintillator fluid.
Preparation of Rats. After injection of TubocurarineCl (3 mg/kg body weight), cannulae were placed in the trachea, the femoral artery, and the inferior vena cava of rats under local anesthesia (lidocaine 1%). Respiration was maintained with a mechanical respirator using a 50:50 v/v mixture of O 2 and N 2 . Fifteen minutes after injection of Tubocurarine-Cl, the rats were given 200 units of heparin through the venous catheter. At 20 min the blood pressure and electroencephalogram were measured. Pco 2 , Po 2 and pH were determined in 0.2 ml of blood and the respiratory rate adjusted as necessary (see below). Another sample of blood (0.2 ml) was taken during the experiment for confirmation of blood gases. At 25 min, the experiments were initiated by [2- 14 C]glucose injection (50 /*Ci). Samples of blood (0.07 ml) were withdrawn from the arterial catheter according to the schedule 1,2,3,5,7,10,15, and 20 min depending upon the experimental duration. Rats were killed by an intravenous injection of 1 ml of saturated KG solution mixed with 20 mg of pentobarbital sodium. Blood samples (50 /*1) were added to 1 ml of 0.5M HC10 4 , placed on ice for approximately 15 min and centrifuged (2000 gmax for 10 min). The extract was neutralized with a fresh solution of 20% KOH. Neutral extract (0.5 ml) of blood was placed on disposable anion exchange columns (BioRad AG 1-X8, 200-400 mesh, formate form, 0.7 X 3 cm). Glucose was eluted with 3 ml of H 2 O. The radioactivity and glucose content of the water eluate were measured. The plasma glucose specific activity was calculated from the specific activity of blood as previously described. 17 Microwave Irradiation. For some experiments it was necessary to determine directly the regional glucose concentration or specific activity under conditions which minimized postmortem changes. For these purposes, rats were sacrified using focused microwave irradiation (Litton Industries, Model LMN Medical Engineering Consultants, Lexington, ME). The oven was fitted with a restraining cage that allowed rats to breathe freely. (These rats were not paralyzed or ventilated.) Radiation for 4.5 s was sufficient to stop glucose metabolism in all brain regions from the brain stem to the olfactory bulbs. Under these conditions hexokinase is quickly inactivated and changes in brain glucose concentration are minimal. 29 Tissue Section. In general, tissue was handled as described by Reivich et al. 30 and Sokoloff et al. 23 Brains were removed within a few minutes of death and frozen in liquid Freon-12 at -29.8°C. It was determined that slow freezing (about 2 min) at this temperature greatly minimized tissue distortion. Brains were kept under liquid Freon-12 until they were sectioned on the same or following day. (If they were not sectioned on the same day, they were kept overnight at -80°C.) Sections were made at -1 8 to -20°C with a Slee refrigerated microtome (Slee International, NY). Several microtomes were evaluated and found unsatisfactory because of inadequate precision. Often adjacent radiographic sections would have visibly different densities resulting from different section thicknesses which varied by as much as ± S^m. The Slee microtome was chosen since it reliably produced 20fim sections. The sections were fixed to a glass slide by warming to 50-55°C until dry. The slides were then attached to a cardboard mount to restrict movement using double-faced tape and packed in x-ray cassettes with film. It was determined that tissue absorption of 14 C emission was greater in the more dense white tissue than gray ( fig. 1 ). The greatest absorption was in white tissue of the cerebellum where a definite contrast was visible between gray and white structures containing identical amounts of radioactivity. Others have presented evidence that the attenuation is the same in gray and white tissue. 30 -31 In this regard our findings differ. The efficiency of beta particle penetration was described by the equation: Thinner sections can obviate consideration of internal absorption of radioactivity. However, it is impractical to work with sections less than 20 nm thick. On the other hand, it is difficult to correct accurately for absorption since the proportion of gray to white varies between regions. Therefore, since rat brain is predominantly gray, standards were calibrated against gray tissue and the greater absorption by white tissue was not taken into account. The maximum difference between gray and white tissues 20 nm thick containing equal amounts of U C is about 13%. Therefore, it should be kept in mind that rCMRglu values given for white matter may be up to 13% too low. Radio- activity. Slides were exposed to x-ray film (Lo Dose mammography film, E.I. DuPont de Nemours and Co., Wilmington, DE) for 10-15 days. Shorter exposure times (3-5 days) may be used with Kodak single coated blue sensitive medical x-ray film type SB-54 (Eastman Kodak Co., Rochester, NY); the image produced, however, has poorer resolution with larger grain and greater background density. Densities in individual areas were measured using a Photovolt Densitometer equipped with a digital volt meter. The actual M C content of brain tissue was calculated by comparison to calibrated methyl methacrylate standards which were exposed to each film together with the brain sections. Calculations. The calculations and methodology are based on those described for whole brain by Hawkins et al. 17 In the original description, no consideration was taken of label lost as U CO 2 since this was estimated to be about 10%. While acceptable experimental results may be obtained without correction, U C loss does become more significant for areas of brain having greater rates of glucose metabolism.
Autoradiographic Measurements of Tissue
Glucose (and [2-u C]glucose) leaves the blood and rapidly enters the brain via a specific carrier mediated transport system. 7 "' " Normally, brain tissue glucose content is considerably lower than blood.' (See Annex) Therefore, plasma and brain [2- u C]glucose soon equilibrate. Once within the metabolite pool M C is not rapidly lost but, rather, incorporated into one of many other metabolites and, to a lesser extent, structural molecules. The combined quantity of these metabolites is large relative to the amount of glucose taken up and U C is effectively conserved at an early stage. 36 ' 17 ' 18 At a given moment the velocity with which 14 C is incorporated is given by the product of rCMRglu (Mmol/min/g) and the specific activity (expressed as dpm//imol) minus loss by metabolism to U CO 2 . The rate at which U C is lost from this large REGIONAL GLUCOSE UTILIZATION/#aH>iti/u et al.
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pool may be taken to be in proportion to the total amount of U C in that pool and rCMRglu. (For further discussion see below). Thus
on integration and rearrangement
f SpA e (rCMRglu)(K)(t -T) dt (2) or if U C loss is negligible (i.e., very short times or low rCMRglu)
where rCMRglu = rate of regional glucose utilization (jtmol/min per g) SpA = glucose specific activity at the site of utilization (dpm/^mol) K = relationship between 14 CO 2 evolution and rCMRglu (0.04 g/jumol)
The Integral of Brain Glucose Specific Activity. The relationship between brain and blood glucose specific activity is Savaki et al. 42 have derived an equation identical to number 6. As time passes after an intravenous injection of [2- 14 C]glucose, the specific activity decreases and the term SpA becomes relatively small in relationship to f SpA plasma dt. Therefore,
This relationship has been demonstrated empirically for whole brain." The rate constant of exchange (E) between brain and plasma, (glucose influx) 4-(brain glucose content) was estimated to be of the order of 1.6 min ' to 2 min 1 . To test this more closely at the Rats were given an intravenous injection of [2- l «C]glucose and sacrificed by microwave irradiation at the times indicated. Blood was drawn immediately from the heart. All areas could be cleanly dissected and represent relatively homogeneous samples except cerebellum, which was a mixture of gray and white.
regional level, rats were injected with [2- 14 C]glucose and sacrificed by microwave irradiation at 1, 3 and 10 min. Distinct regions were carefully dissected and the glucose specific activity measured directly and compared to that of plasma (table 1, fig. 2 ). It is apparent that the integrals of plasma and brain glucose quickly become experimentally indistinguishable: (brain integral) 4-(plasma integral) = 0.97 at 10 min. (See  table 2 for the relationship of brain and plasma glucose specific activity integrals as a function of time and E.)
In principle, knowledge of individual rate constants allows accurate determination of the brain glucose specific activity integral. Regional rate constants of exchange have been estimated by Sokoloff et al. 23 for 14 C-deoxyglucose. This was difficult and individual variation found by them was large. Because of this it is necessary when using 14 C-deoxyglucose to wait long u_ a. Integrals of glucose specific activity expected in pools which exchange at the indicated rates were calculated for various periods of time, and divided by the plasma glucose specific activity integrals.
100-

50-
enough for the effect of these constants to be small. After a relatively brief period of time the plasma glucose and brain glucose specific activity integrals are experimentally indistinguishable (table 2) so determination of rate constants of glucose exchange may be avoided.
2 (See Annex). 44 found differences in 4 out of 20 regions studied, it may be concluded that, in general, glucose is homogeneously distributed throughout brain. This is also in agreement with measurements by Sokoloff et al. 23 who measured the volume of distribution of it was found satisfactory to determine the [brain glucose]: [blood glucose] ratio for each experimental condition. From this and individual values of [blood glinothe total content of brain glucose (including blood contamination) was calculated for each rat. The ratios used in this paper were: normal alert rats 0.37; starved rats 0.21; barbiturate anesthetized rats 0.31; ketamine anesthetized rats 0.37; NH"i intoxicated rats 0.18; status epilepticus 0.22. After a few minutes the brain glucose specific activity was very close to equilibrium with the plasma glucose specific activity (table 1, fig. 3 ). The procedure, therefore, provides an adequate estimate of brain glucose background. Values are means ( ± SEM) expressed in /imol/g fresh weight with the number of individual determinations indicated in parentheses (present study). Rats were sacrificed by microwave irradiation and discrete regions dissected. The data of Shimada et al." were converted to fresn weight by taking HjO to be 76% as reported by them. For other details see the Materials and Methods section.
Background of u C (unreacted [2-"C/glucose
REGIONAL GLUCOSE UTILIZATION/Hawkins et al.
695
Loss of "C. As intermediates derived from [2- u C]glucose traverse the glycolytic pathway and Krebs cycle, they equilibrate with many acid soluble metabolites and to a lesser extent are incorporated into structural components. It should be pointed out that the above treatment is perhaps the simplest which could be applied. Since there are many metabolites with which 14 C may exchange, each metabolized differently, it could be argued that loss of 14 C could be more accurately described by considering loss from several pools each with a different rate of loss. The empirical evidence, however, ( fig. 3 ) does not justify a more complicated description than that given under the described circumstances. Rather, the data are consistent with the view that exchange reactions between metabolites distribute labeled carbon atoms relatively quickly. Furthermore, since the total correction ranges from 6-23%, application of more complicated descriptions are probably not warranted at this time. We have not tested experimental periods longer than 20 min. It is our opinion that the shortest time possible for experimentation should be chosen providing that one is sure that the integral is reasonable for the experimental conditions. At longer times, greater experimental variation may occur because of the progressively greater correction required, especially in areas of rapid rCMRglu.
Results
Rate of Regional Glucose Utilization in Alert Rats
rCMRglu was determined in conscious rats 5, 10 and 20 min after injection of [2- 14 C]glucose (table 4) . (9) 52 ± 4* 66 ± 6* 59 ± 3* 56 ± 4* 43 ± 3* 48 ± 4* 43 ± 2* 66 =*= 5* 52 ± 3* 25 ± 3* 25 ± 3* 58 ± 7* 61 ± 3* 46 ± 2* 62 ± 2* 85 ± 9* 52 ± 4* 29 ± 4* 44 ± 5* 60 ± 4* Values are means ( ± SEM) expressed in /imol/min/ lOOg with the number of observations indicated in parentheses. Pentobarbital sodium (50mg/kg body wt) was injected intraperitoneally 20-25 min before administration of [2-XClglucose while ketamine (35mgAg body wt) was injected intravenously 5 min before initiation of the experiment. All experiments were terminated at 10 min. The "alert group are the combined data from the 10 min and 20 min groups of Table 4 . For other details, see the Materials and Methods Section. * indicates statistical significance at the 1% level.
Between 10 and 20 min rCMRglu was almost identical in all of the areas measured. There were no statistically significant differences between any pair of values nor was there a trend between groups. Likewise, the values determined at 5 min were not different from those determined at later times when individual regions were examined. However, they were on the average 6.5% lower than those measured at 10 or 20 min. These slightly lower values were predicted by the model. At 5 min, the ratio of plasma:brain glucose specific activity integral is between 0.90 and 0.93 taking the rate of exchange to be 1.5 min 1 and 2 min 1 , respectively, while by 10 min the ratio is almost unity. The values measured in starved rats were lower by 5-25% compared to fed controls. This may be explained by the fact that ketone bodies appear in circulation during starvation and may partially supply fuel of respiration. 46 
Measurement of Glucose Utilization in Ketamine and Barbiturate Anesthetized Rats
Ketamine is a dissociative anesthetic which does not seem to alter the rate of oxidative metabolism measurably although blood flow may be increased. 47 ' 48 Most of the regions examined (table 5) demonstrated a slightly increased rCMRglu but none of the differences were significant except for the pons (gray matter).
It is well established that barbiturates decrease the rate of oxidative and glucose metabolism. 48 It was not surprising, therefore, to see this effect reflected by rCMRglu for the various regions. In general, the rCMRglu reductions were greater in gray than white tissue, both in absolute amounts and in proportion. The net effect is to decrease the differences between gray and white tissue; perhaps as the result of reduction of brain cell metabolism toward a common base line value. Similar results were seen by Sokoloff et al. 23 during thiopental anesthesia.
Increased Rates of Glucose Utilization
Injection of ammonium acetate (5 mmol/kg body wt) causes a large rise in the circulating N H^ concentration. NH1, rapidly penetrates the blood-brain barrier and brain NH^ content rises. Within brain cells NH1, is removed by reductive amination of aoxoglutarate and amidation of glutamate to form glutamine, possibly as a method of detoxification. 49 ' 60 Under these circumstances it has been shown that glutamine synthesis is markedly increased and this is accompanied by an increased rate of oxidative metabolism. Glucose utilization is raised both to support energy metabolism and to.serve anapleurotic reactions. 51 The absolute amount of increase in rCMRglu was fairly homogeneous in gray areas averaging 50 /xmol/min/lOOg and 30 /imol/min/lOOg in white tissue (table 6) .
Bicuculline, an antagonist of gamma aminobutyric acid, causes sustained seizure activity when injected REGIONAL GLUCOSE UTILIZATION///<wfci/w et al. Values are means ( ± BEM) expressed in ^mol/min/100g with the number of observations indicated in parentheses. NH+< acetate (1 mMol/kg body wt) was injected simultaneously with [2- intravenously, accompanied by an increased rate of cerebral glucose and oxygen consumption. Borgstrom et al. 19 found that glucose consumption rose to 3.17 jumol/min/g during the first 2 min and was 1.99 jumol/min/g after an hour. Judging from measurements of intermediary metabolites and oxygen consumption a steady state was achieved by 5 min and maintained through 2 h. 19 The values measured by us in various cortical regions (table 6) agree closely with those expected during the steady state period of seizure activity. The results demonstrate that useful quantitative data may be obtained where metabolism is increased. Furthermore, circumstances where brain glucose concentration is lower and blood flow more rapid, enable the use of shorter periods of time than 10 min since the brain specific activity will more rapidly approach that of plasma.
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Autoradiographs
The resolution of autoradiographs using [2- u C]glucose is quite good, very similar to that of U Cdeoxyglucose. Figure 4 contains some examples which may be compared with others obtained under similar circumstances. 22 - (table 7) . These values are, in general, slightly lower than those determined by us in cerebral cortex. It should be noted that measurements utilizing venous samples reflect that portion of brain drained through the confluence of sinuses. While this is mainly cerebral cortex, its borders are undetermined and less active areas may contribute. An additional consideration in several studies was that rats were anesthetized with N 2 O or adrenalectomized to prevent stress (see below). A direct measure of rCMRglu in frontal cortex, using conditions which minimized U C loss to about 3%, was made by Borgstrom et al. 19 They found a value of 77 mol/min/100g in rats anesthetized with 70% N 2 O; again somewhat less than that found by us in the same area. SokolofT et al. 23 determined rCMRglu in conscious rats restrained by a plaster cast; experimental conditions which were more comparable to those reported here (tables 8 and 9). They estimated rCMRglu with 14 C-deoxyglucose, using assumptions which are not beyond criticism." Nevertheless, the values for many areas are quite close to those in this study, and the overall pattern is similar. Considering the different experimental approaches and the discrepancies which could arise in identifying distinct regions, the agreement is satisfactory on the whole.
Puzzling are the rather large differences between measurement of cortical glucose utilization using autoradiographic techniques as compared to classical Values are means obtained from the indicated source. When results were given in terms of O2 utilization they were converted to CMRglu assuming 6mol of O2 consumed per mol glucose. The results of Hawkins et al. 17 were corrected for HC loss as per equation 2. The results of Borgstrom et al. 20 were done in such a short time (2 min) that »C loss was negligible. In those experiments which relied on arterial-venous differences, blood was collected from the confluence of sinuses. Therefore, it represented primarily cortex with some contribution from underlying structures. The Lowry-Passonneau technique 1 * refers to a method whereby changes in concentrations of intermediary metabolites are measured after decapitation and related to the rate of energy utilisation immediately before death. methods involving determination of blood flow and arteriovenous measurements of O 2 . Some may argue that the differences are due to short term stress, presumably accompanied by increased circulating catecholamines. Carlsson et al. 52> 53 described a dramatic increase in the rate of oxidative metabolism in restrained rats not anesthetized with N 2 O, which they felt was due to stress. A similar increase was found by reducing arterial O 2 saturation to about 25 torr, another stressful situation. 54 Results suggestive of increased aerobic glycolysis when arterial O 2 tension was lower than 60 torr were also reported. 56 The values obtained without anesthesia and under "stress" conditions are slightly higher than those measured by autoradiographic techniques. Since the rats used in this study were paralyzed and respired, and only local anesthesia was used, the possibility must be considered that oxidative and glucose metabolism may have been increased. However, further experiments will be necessary to clarify the relationship between brain metabolism and stress.
REGIONAL GLUCOSE UTILIZATION/Hawkins et al.
699
Limitations of Use of Glucose Utilization As an Indication of Neuronal Function
Measurement of glucose utilization is primarily useful where animals are considered to be normal and not to have severely disturbed metabolism, injured tissue or interruption of the blood-brain barrier. There are several circumstances where misinterpretation of results could occur or where increased rCMRglu may not imply increased nerve cell energy production.
a. Anaerobic Glycolysis
Under most circumstances, brain uses primarily glucose as a respiratory fuel and oxidation of glucose can be considered to be complete. There are many circumstances, however, where increased uptake of glucose may not represent oxidative metabolism but anaerobic glycolysis. These conditions include injury of ischemia, 56 abnormal increases in the rate of metabolism, 19 -57~59 or lowered blood pressure and decreased oxygen tension. 60 Under these circumstances, the rate of glycolysis is generally increased to a greater extent than O 2 consumption; therefore, the relationship with energy metabolism cannot be accurately described by measurement of rCMRglu alone.
b. Breakdown of the Blood-barrier
Breakdown of the blood-brain barrier may increase the permeability of the brain to glucose thereby rais- ing the concentration of background glucose. The assumption that glucose is homogeneously distributed throughout the brain may, therefore, not be valid. If brain glucose content were to rise relative to that of blood, the tissue may have the appearance of increased metabolic rate where this was, in fact, not so.
c. Altered Exchange Rates
Under some circumstances, such as barbiturate anesthesia, the rate of blood flow is markedly decreased, while the concentration of glucose in the brain is increased. This has the effect of increasing the time necessary for complete exchange to occur between blood and brain. This may also occur during hypothermia and when certain gaseous anesthetics are used. Under these conditions sufficient time must be allowed to pass to ensure that plasma and brain glucose specific activity integrals are equivalent. If adequate time is not allowed, an apparent depression in the rate of metabolism, greater than that which may have occurred, will be observed. (See reference 17 for more data and discussion).
d. Non-Steady State
A fundamental assumption of the method as described is that metabolism of all areas is in a steady state over the period of experimentation. Difficulties of interpretation may arise if nonsteady state conditions exist. The situation is somewhat analogous to photographing a football game. If the players are motionless, a sharp image will result regardless of the exposure time. If the players are active then the photograph will be critically dependent on the time of exposure; an exposure of long duration resulting in a confusing blur. At the present time there is no clear understanding of the moment to moment variation in rCMRglu, however, it is not difficult to imagine situations where regional activity will change within seconds. It should also be noted that by giving [2-u C]glucose as a single injection, the experimental results are weighted. That is, more radioactivity is incorporated into metabolites at earlier times than later, since glucose specific activity in most areas is greater during the earlier times ( fig. 3) . Because of the above considerations it is advantageous to minimize the experimental time as much as possible, thus reducing potential errors. The experimental time used in the present method, although much shorter than in the 14 C-deoxyglucose method, may still be too long to reflect very rapid changes in rCMRglu.
Graphic Representation
It is often claimed that autoradiographs of 14 C-deoxyglucose provide a "pictorial description" of the metabolic and, presumably, functional relationships. A variety of photographs have been shown and REGIONAL GLUCOSE UTILIZATION///aw*/>« et al.
701
claims made regarding an increased or decreased rate of glucose metabolism without numerical data concerning glucose consumption. Photographs unsupported by quantitative chemical determinations may be helpful at times, but they are not a substitute for measurement of actual rates. Few authors have presented results which have rates given in proper chemical units (i.e., ^mol/min/unit mass). Results not supported by rates of metabolism must be interpreted with considerable caution. It is possible that what appears to be a change of activity is not really so. The appearance of contrast between different photographs is often due to different development times or isotope concentration in relationship to blood glucose.
In summary, there are several advantages to the measurement of brain glucose utilization using [2- 14 C]glucose. The assumptions are minimal, the mathematics simple and application to a variety of experimental conditions is possible without determining a large number of kinetic constants. Experiments may be completed in a relatively short period of time (10 min under most experimental conditions), and, in some circumstances, less time may be required. Perhaps the greatest significance of this work is that it demonstrates that metabolizable substrates, not just analogues, may be used to accurately determine cellular events. Undoubtedly other substrates will be found useful in exploring the functional and metabolic integrity of the brain as well as other organs. The authors look forward to the day when technical developments enable other metabolized molecules to be safely visualized in patients, yielding valuable information unavailable by other means. Table 2 predicts that the integral of brain glucose specific activity is about 95% that of the plasma integral at 10 min. If greater accuracy is required or if a shorter time were necessary, brain glucose specific activity could be calculated as a function of time and used in equation 6 instead of plasma values. This latter approach would be analogous to that developed by Sokoloff and co-workers for "Cdeoxyglucose. VASOSPASM associated with subarachnoid hemorrhage (SAH) due to ruptured intracranial aneurysm plays an important role in determining prognosis, but the nature and cause of vasospasm are unclear. We report the results of our studies of neurogenic participation in the genesis of vasospasm by investigating nerves in a vessel wall after induced vasospasm, electronmicroscopically and after surgical sympathectomy.
Method
Adult cats weighing 2.5-5.0 kg, were anesthetized with intramuscular pentobarbital, and placed on an electric temperature controlled surgical table. Tracheostomies were performed and spontaneous respiration permitted. Body temperature, femoral arterial pressure, respiratory rate and acid-base balance were measured.
By the transclival approach, a bone window of about 2 X 2 cm was made in the clivus, and the dura was opened at the midline. About 2/3 of the proximal portion of the basilar artery was exposed. To induce vasospasm the following were used: fresh blood (10 From the Division of Neurosurgery, Institute of Brain Diseases, Tohoku University School of Medicine, 5-13-1, Nagamachi, Sendai, Japan. cats), lysed platelets in saline with 1.2 Mg/ m ' serotonin on the average (5 cats), and autogenous blood and CSF mixture incubated at 37°C for 5 days (10 cats), 7 days (17 cats), and 10 days (3 cats). In 5 cats the basilar artery was rubbed through the arachnoid membrane to induce vasoconstriction by mechanical stimulation. The sequential caliber change of the basilar artery was measured using photographs taken before and after spasm was induced. The severity of induced vasospasm was classified according to the degree of constriction as follows: Grade I, constriction less than 10%, Grade II, greater than 10 but less than 30%, Grade III, more than 30 but less than 50%, and Grade IV, more than 50%. In the 5 control cats, a mock operation exposing the basilar artery was performed and the sequential changes of caliber measured.
After the varying periods, these basilar arteries were fixed and removed for electronmicroscopic examination. In order to fix the basilar artery in situ with vasospasm, fixatives were injected through the right axial artery and applied on the arachnoid surface simultaneously. The aorta was cut off to stop the heart abruptly. In the 5 additional control cats without operation the brain was immediately removed and the basilar artery excised after anesthesia. The removed arterial segments were fixed in ice-cold 2%
